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A simple methodology for producing yellow-emitting Ca--SiAlON:Eu2+ phosphors for white
light-emitting diodes has been developed, which consists of postsynthesis activation of fine
-SiAlON powders prepared by the gas-reduction-nitridation method. Phase-pure, fine
Ca--SiAlON:Eu2+ phosphors possessing the particle size ranging 0.9–2.8 m and high
quantum efficiencies of 44% –55% under near-UV to blue light excitation are obtained as the
process developed. The chromaticity coordinate of the synthesized Ca--SiAlON:Eu2+ can be
tailored by simply controlling the activator concentration, enabling the creation of a broad range of
warm-white light with the correlated color temperatures of 3500–2600 K. © 2008 American
Institute of Physics. DOI: 10.1063/1.2920209
White light-emitting diodes LEDs have attracted in-
creasing attention as a light source for the next-generation
general illumination and the automotive forward lighting ap-
plications due to the energy savings and positive environ-
ment effects promised by solid-state lighting.1–3 Currently,
the most common approach for making white LEDs has been
to use a broadband yellow-emitting phosphor with a blue
LED chip, the successful development of which depends on
the availability of efficient blue-light excitable phosphors. In
the last few years, highly covalent Si3N4-based oxynitrides
SiAlONs have been developed as an important family of
phosphor host materials due to their great potentials for
white LED applications.4–11 In Eu2+-doped SiAlON matrices,
the green to orange-red emission and near-UV to blue-light
excitation can be achieved with a lowered energy of the 5d
level, under the influence of strong crystal field and the
nephelauxetic effect.12 In addition, the covalent stiff struc-
tural framework consisting of SiN4 tetrahedra promises the
better thermal stability compared to oxidic counterparts, re-
sulting in minimal chromaticity variation under high-
temperature operating conditions.13 By exclusively using the
Eu2+-activated SiAlONs and the related oxynitride phos-
phors, fabrications of bichromatic and multichromatic white
LED lamps possessing high luminous efficacy and superior
thermal stability, as well as good color rendering properties,
have been demonstrated.9–11,13–15
Generally, SiAlON-based nitride phosphors are synthe-
sized by the reaction sintering of Si3N4, AlN, and other con-
stituent metal oxide or nitride raw powders under pressured
N2 atmosphere at 1600–2000 °C by using a graphite-lined
furnace, which is followed by the postsynthesis grinding step
to pulverize crude reaction products.4–11 This obvious low
manufacturability is a major obstacle to their widespread use
in LED applications, triggering the intense investigations for
developing more sophisticated processing techniques.16–19 In
this regard, the present authors have developed the gas-
reduction-nitridation GRN method,16,17 which enables di-
rect synthesis of fine SiAlON powders from the multicom-
ponent oxide system by using an NH3–CH4 gas mixture as a
reduction-nitridation agent. The Ca--SiAlON powder pro-
duced by the GRN is characterized by high phase purity,
nonaggregated fine particle morphology, and very low impu-
rity absorption throughout emissive regions, all of which
meet the demands for phosphor applications.16 In this letter,
we propose a smart strategy for producing highly efficient
-SiAlON fine powder phosphors, which consists of
postsynthesis activation PSA of GRN-derived submicron-
sized powder as a sole raw material. PSA is conducted by
simple heat treatment step under moderate pressureless N2
atmosphere, which will be easily performed by LED manu-
facturers on industrial basis, and offers significant advan-
tages such as flexibility of chromaticity control and finer
particle size.
Two kinds of Ca--SiAlON powders pre-synthesized
by the GRN with the Brunauer–Emmett–Teller BET
equivalent particle sizes DBET of 0.35 m coded A and
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FIG. 1. Color online PL excitation and emission spectra of the samples
with y=0.050, obtained through PSA at 1700 °C.
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0.19 m coded B were used as starting materials. The ana-
lyzed impurity carbon contents for the powders A and B
were 0.091 and 0.531 wt %, respectively. The synthesis
procedure and other physicochemical properties of both
powders were described in detail elsewhere.16 The raw pow-
ders were first dispersed into distilled water by ultrasonic
irradiation, followed by the addition of EuNO33 standard
solution 1000 ppm to obtain the nominal compositions of
Ca0.8EuySi9.6Al2.4O0.8−2yN15.2+2y y=0.010–0.075. Then, the
dried powders derived from thus-obtained homogeneous col-
loids were loaded into a high-purity BN crucible and heated
in an alumina tube furnace at various PSA temperatures
1550–1750 °C for 4 h under flowing N2. Physicochemical
properties of the synthesized Ca--SiAlON:Eu2+ powders
were characterized by x-ray diffractometry RINT2200,
Rigaku, surface area SBET measurement Autosorb, Quan-
tachrome, and quantitative nitrogen/oxygen analysis TC-
436, LECO. Photoluminescence PL properties were
evaluated at room temperature using a fluorescent spectro-
photometer F-4500, Hitachi and a multichannel spectro-
photometer MCPD-7000, Otsuka Electronics equipped
with a 60 mm integrating sphere.
Figure 1 shows the PL excitation and emission spectra of
the samples with an Eu concentration y value of 0.050,
which is obtained through the PSA of both raw powders at
1700 °C. The excitation spectra consisted of broad bands
peaking at 300 and 420 nm, reflecting the relatively
large crystal field splitting of the 5d level 10 000 cm−1.20
Thus, Eu-activated Ca--SiAlON can be efficiently excitable
in near-UV to the blue spectral region, which is in contrast
with the conventional yttrium aluminum garnet YAG: Ce3+
phosphor, which exhibits only a narrow excitation band cen-
tered at 460 nm. The broad emission band, which is a char-
acteristic of allowed 5d-4f transition in Eu2+, is located in
the range of 500–700 nm, giving an orangish yellow
emission. No detectable line emissions attributable to the
intraconfigurational transition in Eu3+ were observed, indi-
cating that Eu ions dissolved in -SiAlON lattice prefer
the divalent state even under the inert nonreducing
atmosphere adopted in the current process. Table I summa-
rizes physicochemical properties of the above-described
Ca--SiAlON:Eu2+ powders together with those for un-
doped samples prepared through the identical heat treatment
conditions. Both Eu2+-activated powders were composed of
single-phase -SiAlON, retaining the uniform discrete par-
ticle morphology of the undoped powders.16 The BET par-
ticle sizes were 2.8 and 1.9 m for the samples derived from
the raw powders A and B, respectively. The finer particle size
observed in latter case might result from the slightly higher
impurity carbon content of the raw material, which sup-
presses the sintering of primary particles. The analyzed ni-
trogen contents CN were found to be very close to the
theoretical value 35.7% and the oxygen contents CO were
not significantly affected by the PSA treatment. Figure 2
shows the absorption , external quantum efficiency
QEext, and dominant emission wavelength d of the
Eu2+-activated samples prepared from the two kinds of GRN
powders as functions of Eu concentration at the excitation
wavelength of 450 nm. The absorption efficiency, corre-
sponding to the allowed 4f-5d transition in Eu2+, monotoni-
cally increased with the increase of Eu concentration, while
the samples derived from the powder A consistently showed
higher values. The QEext value of the samples derived from
the powder B scarcely depended on the y value in the range
of 0.025–0.075, whereas that of the samples derived from the
powder A showed a steep decrease at y=0.050–0.075, indi-
cating the occurrence of concentration quenching. The d
monotonically redshifted with the concentration of Eu,
which is ascribed to the increased energy transfer among the
excited 5d levels,4,5 showing the same tendency with the
absorption, i.e., the samples derived from the powder A con-
sistently exhibited higher values. These results conclusively
showed that a higher actual solubility of Eu2+ was attained in
the samples derived from the raw powder A, meaning that
the critical y value for concentration quenching is process
TABLE I. Physicochemical properties of the Ca--SiAlON:Eu2+ obtained











A 0 0.71 2.59 35.71 2.772
A 0.050 0.67 2.75 35.01 2.381
B 0 1.00 1.84 35.82 2.411
B 0.050 0.98 1.87 35.41 2.451
FIG. 2. PL properties of the samples prepared from the two kinds of GRN
powders through PSA at 1700 °C: a absorption, b external quantum ef-
ficiency, and c dominant wavelength, each as a function of Eu
concentration.
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dependent. As mentioned above, the lower impurity carbon
content of the powder A might promote the grain growth and
thus, homogenization of composition within primary par-
ticles, resulting in a higher solubility of Eu2+ in -SiAlON
lattice. It is to be noted that the QEext values of the sample
derived from the raw powder A with y=0.025, which exhib-
ited the highest efficiency of all, reached 55.2%, 53.6%, and
52.0% with the 385, 405, and 420 nm excitation, respec-
tively. These QE values are as high as those of the optimally
processed reaction-sintered powders,9,13 and much higher
than those of the powders prepared by using the unsophisti-
cated carbothermal reduction method.21 Table II summarizes
the particle size and the luminescent properties of the
samples y=0.050 obtained from the raw powder B with
various PSA temperatures. Under these PSA conditions, all
samples were obtained in a single-phase -SiAlON. The ab-
sorption efficiency monotonically increased with the increase
of PSA temperature, which is mainly due to the increase of
primary particle size, as indicated by the minor shift of the d
value. On the other hand, the internal quantum efficiency
QEint value showed a maximum at 1600 °C, which may be
attributable to the optimized crystallinity at this temperature,
resulting in almost saturated QEext values in the range of
1600–1750 °C. These results demonstrate that a very fine
Ca--SiAlON:Eu2+ powder with the particle size of 1.4 m
and the quantum efficiency reaching 95% of the maximal
value can be achieved with the PSA temperature of only
1600 °C, which is much lower than the processing tempera-
ture of the conventional reaction sintering.4,5 Figure 3 shows
the chromaticity coordinates of the samples obtained from
the raw powder B with the PSA temperature of 1700 °C and
y=0.010–0.075, which is on the Commission Internationale
de l’Eclairage 1931 diagram. Their chromaticity coordinates
can be varied from 0.492, 0.495 to 0.538, 0.456 by solely
controlling the doping concentration of Eu with the fixed
host lattice composition and the variation of relative effi-
ciency within 13%. This enables the fabrication of bichro-
matic warm-white LEDs possessing broad correlated color
temperatures CCT in the range of 3500–2600 K, cover-
ing the “warm white” Japanese Industrial Standard Z9112,
class WW to “incandescent lamp” class L, in contrast with
the conventional YAG:Ce3+ phosphor, by which only the
“white” light class W, CCT 4200 K can be attainable.
In conclusion, we developed a highly efficient, commer-
cializable synthesis route for producing the yellow-emitting
phosphor, Ca--SiAlON:Eu2+ for white LEDs. The method-
ology developed consists of simple one-step activation of the
GRN-derived fine -SiAlON raw powders under moderate
processing conditions, which offers many advantages such as
high quantum efficiency up to 55%, fine particle size of
0.9–2.8 m, and flexibility of chromaticity control en-
abling the creation of a broad range of warm-white light.
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FIG. 3. Color online CIE1931 chromaticity coordinates of the samples
prepared from the raw powder B with the PSA temperature of 1700 °C and
y=0.010–0.075, at the excitation wavelength of 450 nm.
TABLE II. Particle size and luminescent properties of the














1550 0.87 49.6 49.3 24.5 582
1600 1.41 59.1 63.5 37.6 582
1700 1.87 68.4 56.8 38.8 583
1750 2.35 68.6 57.8 39.7 583
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